The spoIVC locus of Bacillus subtilis was analysed. Fourteen spoIVC mutants isolated following nitrosoguanidine mutagenesis were used along with two previously characterized spoIVC mutants to construct a fine structure genetic map of the locus. The recombination index (RI) measured between extreme mutations was 0.26; no recombination could be detected between four of the mutations. Complementation analysis showed that all the mutations fall into two cistrons. The RI between extreme mutations in cistron A was about 0.17 and that between extreme mutations in cistron B was about 0.05. In respect of biochemical markers, the spoIVC mutations all produced similar phenotypes, irrespective of their location. However, in both cistrons oligosporogenous and asporogenous mutations mapped close together.
I N T R O D U C T I O N
Bacillus subtilis spore formation has proved to be a convenient model for the study of processes involved in cellular differentiation. Induction of sporulation by the resuspension method of Sterlini & Mandelstam (1969) allows fairly homogeneous populations of cells to be obtained at various stages of development. Furthermore, extensive genetic analysis has been possible because competence is easy to induce and the cells can be transformed with both linear and plasmid DNA.
To date, 42 sporulation (spo) loci,+ 11 germination (ger) loci and 6 outgrowth (out) loci have been identified (Piggot & Hoch, 1985) . Numerous loci have been subjected to fine structure genetic analysis by conventional mapping techniques, for example spoIIA (Yudkin & Turley, 1981 ; Errington & Mandelstam, 1983) and spoVA (Errington & Mandelstam, 1984) . Several sporulation and germination loci have been cloned by a variety of techniques; subsequent nucleotide analysis has then permitted a determination of the likely number of genes contained within each sequenced locus. Thus in the spoVA locus, at least five genes have been identified (Fort & Errington, 1985) ; the spoIIA locus contains three genes (Fort & Piggot, 1984) , whereas several other loci have only one gene each.
In this paper we describe a series of new spoIVC sporulation mutations and characterize them genetically and phenotypically.
METHODS
Organisms. Bacillus subtilis 168 trpC2 is referred to as the wild-type strain. The other strains used are listed in Table 1 .
Media. Hydrolysed casein growth medium and sporulation medium were as described by Sterlini & Mandelstam (1969) . Penassay broth was from Oxoid. Solid media were Oxoid nutrient agar and lactate/glutamate minimal agar (Piggot, 1973) . Where necessary, the latter was supplemented with L-amino acids at a final concentration of 50 pg ml-l. However, the requirements of auxotrophs carrying the aroD mutation were satisfied by adding L-pphenylalanine, L-tyrosine, L-tryptophan and FeCI3. 6H20, all to final concentration of 20 pg ml-* . Growth and spontlatwn. Cultures were grown at 37 "C with shaking except where otherwise stated. Sporulation was induced by the procedure of Sterlini & Mandelstam (1969) when the optical density (OD,,,) of the culture reached 0.7. The time at which the cells were resuspended was designated to : t , , t2, etc., refer to the time (h) that the culture spent in resuspension medium.
Phenotypic characterization of sporulating cultures. Several enzyme assays and resistance determinations were done on sporulating cultures, at appropriate times after resuspension. (i) Extracellular serine protease was assayed ( t 3 ) in the culture supernatant by the method of Dancer & Mandelstam (1975) . One unit of serine protease solubilizes 1 mg of Remazol Brilliant Blue-Hide Powder (Calbiochem) in 30 min at 37 "C.
(ii) Alkaline phosphatase was assayed ( t s ) according to Glenn & Mandelstam (1971) . One unit of enzyme hydrolyses 1 nmol p-nitrophenol phosphate in 15 min at 30 "C.
(iii) Manganese-dependent DNAase was assayed ( I s ) as described by Akrigg (1978) . One unit of DNAase produces 1 nmol of acid-soluble nucleotides in 20 min at 37 "C.
(iv) Glucose dehydrogenase was determined by a modification of the method of Sadoff (1966) . At t5.5 a 50 ml sample of sporulating culture was harvested and the pellet was resuspended in 2.5 mlO.5 M-Sodium acetate buffer (pH 6.5) containing lysozyme (200 pg ml-*). After 60 min at room temperature, the cell extract was placed on ice until enzyme activity was determined. In each of two quartz cuvettes (light path 1 cm, capacity 1 ml) the following reaction mixtures were prepared: Tris/HCl buffer (0.1 M, pH &O), 0.6 ml; MnSO, .4H20 (0.1 mM), 0.1 ml; KCN (0.1 %, freshly prepared), 0.1 ml; j.?-NAD+ (0.02 M), 0.1 ml; cell extract, 0.lml. The cuvettes were inserted into a Unicam SP800 spectrophotometer at 37 "C and allowed to warm up. The reaction was started by adding 0-2 ml of warm, 1 M-pglucose to the test cuvette and the absorbance at 340 nm was followed over several minutes. The initial rate of absorbance increase was used to calculate glucose dehydrogenase activity. One unit of enzyme is defined as the activity that catalyses the oxidation of 1 nmol of glucose min-l under these conditions.
(v) Dipicolinic acid was assayed ( t , ) by the method of Janssen et al. (1958) . (vi) Determination of heat resistance. At t,, two samples of sporulating culture (each 0.5 ml) were collected. One of these samples was heated at 85 "C for 20 min. The number of heat-resistant spores in this treated sample and the viable cell count in the other sample were determined by plating appropriate dilutions of the two on nutrient agar plates. The number of heat-resistant spores was expressed as a fraction of the viable cell count.
Directed mutagenesis and mutant isolation. Directed mutagenesis was done by the method of Errington & Mandelstam (1983) . Mutations in the spoZVC locus were obtained by making use of its linkage by transformation to aroD (Piggot et al., 1981) .
Transformation. DNA was extracted from donor cultures as described by Marmur (1961) and was used at 20 ng ml-I to transform recipient cultures made competent by the method of Anagnostopoulos & Spizizen (1961) . AroD+ recombinants were selected on lactate/glutamate minimal agar supplemented with the appropriate amino acids. Spo+ transformants arising from a particular cross could be readily identified because cells release a pigment as they sporulate which colours each Spo+ colony brown.
Mapping. Reciprocal mapping crosses were used: (1) to order different mutations in the spolVC locus with respect to aroD (the nearest linked vegetative locus) and (2) to determine the map distance (recombination index, RI) between two mutations.
The method of RI determination was based on the procedure of Lacks & Hotchkiss (1960) , as modified by Errington & Mandelstam (1983) . For the purpose of this example, assume that spo-x and spo-y are mutations in the spoZVC locus and are linked to the auxotrophic marker aroD. Reciprocal crosses were performed, in which a spo-x aroD mutant was transformed with DNA from spo-y aroD+ and from spo+ aroD+, and then a spo-y aroD mutant was transformed with DNA from spo-x aroD+ and spo+ aroD+. In each cross AroD+ transformants were selected and the percentage of these that were Spo+ was fotmd. In the first cross, the RI was calculated from the equation.
no. Of sPO+ AroD+ total no. AroD+ (spa-y aroD+ DNA used as donor) colonies obtained I colonies obtained
The RI value for the reciprocal three-factor cross in which spo-yuroD was recipient was calculated from an equivalent equation.
When the RI values for a pair of reciprocal crosses were compared it was generally found that one of the values was much greater than the other. Thus it was possible to order the two sporulation mutations with respect to the linked aroD locus. [This is similar to the method described by Errington & Mandelstam (1983) for ordering pairs of spoZZA mutations with respect to the linked lys locus.] The RI value between each pair of mutations shown in the map (Fig. 1) was that obtained from the cross where only two crossovers were required to give rise to Spo+ AroD+ recombinants.
Complementation of spoZVC sporulation mutations. The methods of protoplast formation and fusion, and determination of heat resistance, were as described by Dancer & Mandelstam (1981) .
R E S U L T S
Directed mutagenesis of the aroD region Following directed mutagenesis and mutant isolation 14 mutants were obtained, each of which was believed to carry a lesion in the spoIVC locus. The mutations harboured by these strains were numbered spo-801, spo-802, etc. The cotransformation frequencies of these mutations, and of the previously isolated mutations spolVC23 and spolVC133 (Dancer & Mandelstam, 1981) with aroD were determined as described in Methods. The values ranged between 4% and 20%; none reached the 30% level quoted by Piggot et al. (1981) for cotransformation linkage between the spolVC locus and aroD. The two previously studied spolVC mutations -spoIVC23 and spoIVC133 (Dancer & Mandelstam, 1981) -had cotransformation frequencies with aroD of 10.2% and 6.8 %, respectively. Nonetheless, the fact that all of the mutations were linked to aroD by transformation was consistent with the possibility that they were located in the spoIVC locus. They were therefore studied further in respect of their phenotype. Phenotypic characterization of' the new mutants From resuspension cultures of Lys-Met-derivatives of the 14 newly isolated mutants, and of the two previously characterized spoIVC mutants, 23.6 and 133.9, as well as of the wild-type, samples were withdrawn at appropriate times and assayed for the following characteristics : extracellular serine protease, alkaline phosphatase, extracellular DNAase, glucose dehydrogenase, dipicolinic acid and heat resistance. Sampling times and assay procedures are described in Methods. In addition, at t8 a sample from each resuspension culture was examined with a phase contrast microscope. Most ( > 60%) cells in the wild-type culture were seen to contain a phasebright spore, while in the resuspension cultures of the remaining strains most (> 60%) cells contained a phase-grey prespore. The only exception was the 818.2 resuspension culture in which most cells had lysed, releasing phase-grey 'pre-sporelets' into the medium. All of the strains examined showed the early and intermediate biochemical markers, viz. serine protease, alkaline phosphatase, DNAase and glucose dehydrogenase. Generally these enzymes were produced by the mutants at greater than 50% of the wild-type levels. However, the activity of glucose dehydrogenase was rather low in strains 23.6 and 801.2. We suspect that these results are due to incomplete lysis of the cells used in the assay and do not attribute any major significance to them, especially in the light of subsequent results.
In contrast to the early and intermediate sporulation enzymes, the late markers (dipicolinic acid and heat resistance) were barely detectable among the mutants. Generally, the amount of dipicolinic acid formed was less than 10% of the wild-type level. The resistance of the mutants to heat (estimated at t 8 ) is shown in Determination of the genetic structure of the spoIVC locus (1) Complementation analysis. Dancer & Mandelstam (1981) have shown that there are (at least) two cistrons in the spoIVC locus : a cistron in which the spoIVC133 mutation lies (hereafter referred to as cistron A) and a cistron in which the spoIVC23 mutation lies (hereafter referred to as cistron B). Complementation experiments were done to investigate whether the new mutations could be placed in either of these two cistrons. This was done by using each spo mutant strain in turn as the donor in protoplast fusion experiments where the recipient strain carried either the spoIVC133 or the spoIVC23 mutation. The ability of a spo donor to complement either the spoIVC133 and spoIVC23 recipient was indicated by the formation of heat-resistant spores, which gave rise to Spo-colonies on outgrowth. (Spo+ colonies, due to recombination, were not counted.) The results (Table 3) show that each of the mutations could be unequivocally assigned to one or other of the two cistrons. t Cistron A is defined by the spolVC133 mutation, while cistron B is defined by the spoIVC23 mutation (see text).
B. subtilis spolVC mutations
(2) Mapping of spolVC mutations. The mutants were next used to construct a fine structure genetic map of the spoZVC locus. The two known spolVC mutations -spoIVC23 and spolVC 133 -were included in the genetic analysis for reference. Once the first few mapping crosses had been done, an elementary map emerged which served as a frame of reference in which to position other spoIVC mutations. Typically, an unmapped spoIVC mutation was crossed with the two most extreme mutations and with a central mutation on the cumulative map. This -8 13-spo-804-aro D spo-804-spo-133-aroD spo-133-spo-8 19-aro D spo-8 19-sp0-818--aro D spo-8 18-spo-8 10-aroD spo-8 10-spo-8 15-aroD spo-8 15-spo-80 7-aro D spo-807 and spo-816 cannot spo-80 7-spo-802-aro D be ordered from these results spo-802 and spo-81 I cannot be ordered from these results spo- 802-spo-23-aro D spo-23-spo-8 14-aro D spo-804-spo-8 16-aroD spo-819-spo-8 15-aroD spo-815-spo-814-aro D spo-133-spo-807-aro D spo-813-spo-818-aro D spo-813-spo-814-aroD usually enabled the mutation to be positioned roughly and then further crosses were used to locate it more precisely. Mapping of each mutation was ended when it had been crossed with the two closest mutations surrounding it. The results of mapping crosses involving each of the spoIVC mutations are presented in Table 4 . These results were used to construct a detailed map of the spolVC locus (Fig. 1) .
DISCUSSION
Phenotypic characterization of the newly isolated mutants suggested that they are all blocked at stage IV in sporulation. They showed high levels of the various biochemical markers reported for stage IV-blocked mutants (Waites et al., 1970; Coote, 1972) , viz. extracellular serine protease, alkaline phosphatase, extracellular DNAase, glucose dehydrogenase and phase-grey spores, but none of the events associated with,stage V or later, i.e. dipicolinic acid or heatresistant spores. There were differences in the activities of extracellular serine protease, alkaline phosphatase, extracellular DNAase and glucose dehydrogenase produced by different mutants. However, the differences were not so extreme that they prevented our concluding that sporulation-specific enzymes were present.
Since heat-resistant spores could barely be detected in resuspension cultures of 23.6, 133.9, 801.2, 802.2, 803.2, 804.2 and 811.2, these strains are designated Spo-, in agreement with the convention used by Errington & Mandelstam (1983) . The remaining mutants showed low levels of oligosporogeny with proportions of heat-resistant spores ranging from 5 x (815.2) to 6.3 x
The complementation experiments gave unambiguous results and enabled the new mutations to be assigned to one of the cistrons originally defined by Dancer & Mandelstam (1981) . It seems likely, therefore, that the spoIVC locus comprises two cistrons.
The map order deduced from the various three-factor crosses done is self-consistent. By means of large-scale transformation crosses, recombination was detected between most of the closely (813.2) of viable cells. linked mutations. However, no recombination could be detected between the spoIVC801, spoIVC803, spoIVC809 and spoIVC820 mutations even in large-scale crosses, which suggests that these all correspond to the same lesion or very closely linked lesions on the chromosome. Moreover, the closely linked mutations indicated in brackets, viz. (spoIVC807 spoIVC826) and (spoIVC802 spoZVC811) could not be ordered.
It is worth noting that transformation in B. subtilis is a complex, multi-stage process (Dubnau, 1982) . It is likely, therefore, that the RI values observed will depend on several factors in addition to the physical distance between two mutations. The RI between the two extreme spoIVC mutations (spoIVC823 and spoIVC814) was measured as 0.26, which compares with RI values of -0.2 for extreme mutations in the spoIIA locus (Yudkin & Turley, 198 1) and -0.3 for extreme mutations in the spoVA locus (Errington & Mandelstam, 1984) . Sequence analysis has since shown the spoIIA locus to be 1.6 kb long (Fort & Piggot, 1984) and the spoVA locus to be 3.7 kb long (Fort & Errington, 1985) , so an estimate of -2.5 kb for the size of the spolVC locus seems reasonable. The composite map shown in Fig. 1 gives some indication of the extent of the two cistrons. It appears that cistron A (maximum RI -0.17) is approximately three times as long as cistron B (maximum RI -0.05).
Taken together, the results concerning phenotypic characterization, complementation analysis and fine structure mapping show that oligosporogenous and asporogenous mutations can map close together in both spoIVC cistrons. This agrees with the observations of other workers (e.g. Coote, 1972; Yudkin & Turley, 1981 ; Errington & Mandelstam, 1983) who also found that oligosporogenous and asporogenous mutations can map close beside each other in the same gene. Moreover, all of the spoIVC mutations -spanning the two cistrons -showed similar phenotypes. This suggests that the products of the two spoIVC genes act at or near the same stage in spore-formation. Fujita & Kobayashi (1 985) have successfully demonstrated Complementation of the spoIVC133 mutation with a cloned fragment of DNA. The extent of the cloned region could be assessed by seeing whether it could complement all of the spoIVC800 mutations.
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